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ABSTRACT. Airborne lidar data from the northern
Puget Lowland provide information on the spatial
variability and amplitude of raised postglacial
shorelines, marine deltaic features and glaciomar-
ine sediments deposited between approximately c.
12920 and 11050 "C yr BpP (15960-12 364 cal yr BP).
Relict shorelines preserved in embayments on
Whidbey and Camano islands (between 47°54'N
and 48°24'N) are found up to an altitude of ¢. 90 m
and record glacio-isostatic movements attributed to
postglacial rebound. The tilt of the regional mini-
mum highstand sea level surface to the north of
0.80 m km~, with local variability from 0.25 m km™"
to 0.77 m km™, is consistent with previous studies
(Thorson 1989; Dethier et al. 1995). The local varia-
bility is related to the uncertainty in the depth of the
water column above these features at the time of
deposition and probable tectonic deformation. The
information generated by these lidar data is most
valuable in posing new research questions, gener-
ating alternative research hypotheses to those al-
ready formulated in the northern Puget Lowland.

Key words sea level change, relict shorelines, lidar data, digit

terrain modelling, postglacial uplift, Puget Lowland

Introduction

dea level. On Whidbey and Camano islands, indi-
cators of sea level change are preserved along a
complex coastline of bays and peninsulas (Figs. 1,
2). The marine limit is known from thick sequences
of ice-contact outwash, glaciomarine, deltaic and
shoreline sediments that were deposited up96

m above the present sea level shortly &ft&8 000

14C yr P (Easterbrook 1963, 1992, 1994; 2003;
Pesslet al. 1989; Dethieret al. 1995). The mini-
mum local glacio-isostatic depression is about 190
m considering that eustatic sea level was about 100
m lower at that time.

The challenges of a sea level change study in this
region include the identification of shoreline fea-
tures in areas of relatively dense vegetation cover
and establishing reliable means for the correlation of
these scattered shorelines and surfaces. This is fur-
ther complicated by the presence of active tectonic
structures (e.g. Thorson 1996). The fault zones in the
study area collectively represent a complex, broadly
distributed, transpressional deformation zone,

hich extends westward from the Cascades Range
oothills across the eastern Strait of Juan de Fuca.

The aim of this paper is to show how digital ter-
rain modelling using high-resolution lidar data of
Whidbey and Camano islands, combined with an

The expansion of glaciers during the late Pleiginderstanding of process-form relations can be used
tocene led to isostatic depression of the Pugtt provide information on the uplift pattern in the
Sound basin (Fig. 1). In the northern Puget Lowrorthern Puget Lowland. Our approach is to provide
land, Whidbey and Camano islands were buridagight information from lidar data of sea level indi-
under 1.4-1.2 km of ice when ice reached its magators along a transect oriented N-S, roughly paral-
imum extent (Easterbrook 1979; Thorson 1989el to the direction of ice movement. We then com-
Porter and Swanson 1998).). At that time sea level@re these results with those of Thorson (1989) and
stood about 130—-120 m lower than today (LambedRethieret al. (1995) who calculated average uplift
et al.2002). At the end of the last glaciation rapi@yradients ranging from 0.6 m kfto 1.15 m km.

ice melting resulted in sea level rise and rapid uplifthese projections extend the work of Thorson
of the area. The altitude of the upper marine limiorthward, from the transition of sea level indicators

provides an estimate of paleo-sea levels and herdfigm short-lived proglacial lakes into glaciomarine
a function of the ice load history, mantle rheologiand marine environments in a similar manner to that
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Study area — regional setting

The Puget Lowland lies in a broad forearc depres-
sion between the Cascadia subduction zone where
the Juan de Fuca plate descends under North Amer-
ica, and the volcanic arc. The Puget basin is situated
between the Olympic Mountains to the west and
Cascade Range to the east (Fig. 1). During the last
glaciation (Fraser Glaciation; Armstrongt al.
1965), two major lobes of ice emerged from the
Coast Mountains and Cascade Range of British Co-
lumbia and extended toward the continental shelf
via the Strait of Juan de Fuca and into the Puget
Lowlandc. 18 000—10 008“C yr Bp. The Juan de
Fuca Lobe reached its maximum extent on the con-
tinental shelf shortly before 14 460 + 28Q yrsp
(Heusser 1973) and the Puget Lobe reached its
maximum extent about 14 5&C yrep (Porter and
Swanson 1998).

Glacial retreat began shortly after the glacial max-
imum and reached northern Whidbey Island by
about 12 850 * 68'C yrep (15 868-14 438; Dethier
et al. 1995). Ten radiocarbon dates from bivalves in
ice-proximal environments (Easterbrook 1992; De-
thier et al. 1995; Kelseyet al. 2004; Swanson and
Caffee 2001) constrain the time of marine inundation
and isostatic uplift. The marine reservoir corrected
age is betweert. 12920 and 110584C yr sp
(15960-12 364 cal yer). Offshore, a number of
sediment cores within the Juan de Fuca Strait indi-
cate deposition of glaciomarine sediment during
waning glacial influence and rising sea level between
a marine reservoir corrected age of 12890 £ 50 and
9920 + 50C yrsp (Hewitt and Mosher 2001).

A problem related to the timing of sea level
changes in this area is the radiocarbon age of ma-
rine shells from marine and glaciomarine deposits.
Many of the ages were not adjusted (Detbieal.
1995) for the effects df'C-deficient oceanic water
or assumed low values for the oceanic reservoir
correction which have large uncertainties associat-
ed with the stratigraphic context of the samples and

Fig. 1. Map of northwestern Washington showing extent antneasured laboratory precision of the ages (Anund-
thickness (m) of the Puget Lobe during the Vashon maximum &fenet al. 1994; Swanson and Caffee 2001). In this

the last glaciation (Fraser). Ice-surface contours reproduced fr B f
Porter and Swanson (1998). The transects A, B, and C are fr%?%hpen marine shells were corrected using a total

Dethieret al . (1995), this study, and Thorson (1989), respectivemarine reservoir value of _80Q + 25 years (RObin'
ly. Refer to Fig. 9 for details son and Thompson 1981). This may be conserva-

tive as a mean marine reservoir age of —1100 £ 100

years was derived in the Fraser Lowland, 70 km to
of Dethieret al (1995). In addition, we present ge-the northeast (Kovanen and Easterbrook 2002a)
omorphic information that relates to the ice flow diand this raises concern regarding the spatial distri-
rections of these islands to provide information dpution and temporal pattern of sea level and paleo-
the melting history of ice in this area. environmental changes in this region.

Geografiska Annaler - 86 A (2004) 4

386



RELICT SHORELINES AND ICE FLOW PATTERNS OF THE NORTHERN PUGET LOWLAND

Fig. 2. Shaded digital topographic
model of Whidbey and Camano is-
lands from lidar dat®, location
of raised shoreline and the corre-
sponding number is the minimum
altitude of the marine limit (m)J,
raised deltas. Dashed lines are
Quaternary fault zones (from John-
sonet al. 1996, 2002). Contours
are the altitude of the marine limit
taken from Dethieet al. (1995).
Arrows indicate the inferred ice-
flow direction. Wl — Whidbey Is-
land; CI — Camano Island; DP —
Deception Pass; SP — Strawberry
Point; PP — Partridge Point; DB —
Double Bluff;, DMF — Devils
Mountain Fault; SPF — Strawberry
Point Fault; UPF — Utsalady Point
Fault; SWF — Southern Whidbey
Island Fault. Whidbey Island &s
60 km long and 16-2 km wide,
with an altitude up t@. 150 m
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Previously, the local upper limit of the marinel989; Dethieet al. 1995), marine terraces, topsets
highstand was established by the altitude of glaciof marine delta, spillways associated with progla-
marine deposits in coastal exposures, small-scalal lakes and shorelines features (Thorson 1989),
road-side exposures, gravel pits (Easterbroand the change from marine to freshwater sedimen-

1969, 1992, 2003; Domack 1983, 1984; Petal.
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0 cially if features exhibit anomalous altitude infor-
Postglacial deposits o mation relative to the local trend of the uplift pat-
~11.0 @ tern.
Everson Drift (glaciomarine) k2
~128 9
Vashon Drift (glacial) - Data sources and methods
2 Esperance Sand Memeber $ Ldardata
o p( ; < Lidar is short for Light Detection And Ranging,
c proglacial outwash) o )
o 17.0 which is also known as an airborne laser swath ter-
S| Olympia nonglacial interval rain mapping system. This system is fixed to a
o (Olympia beds) winged aircraft or helicopter and uses laser pulses

60.0 .
Possession Drift (glacial) in much the same way that sonar uses sound or ra-
- - 800 & dar uses radio waves to measure the round-trip trav-
Whidbey Formation s, el of short-duration pulses. The system is linked to
X
(Interglacial) 1300 o  adifferential Global Positioning System (GPS) for
Double Bluff Drift (glacial) < aircraft location/orientation and discrete measure-

250.0 ments. The data is initially reduced from XYZ co-
ordinates for each discrete return point and then the
Fig. 3. Stratigraphy and age of uniithified Quaternary geologigeflective surface of the forest canopy is separated
units occurring in the northern Puget Lowland. from the ground by geometric filtering to generate
accurate high-resolution digital terrain images. The
vertical and horizontal accuracy of the data is de-
et al. 2004). Other researchers (Blwettal. 1987; pendent on the type of lidar system used (discrete
Berger and Easterbrook 1993; Easterbrook 196&turn or full waveform systems), its configuration,
1992, 1994; Porter and Swanson 1998) have prorientation errors associated with GPS, and the
vided numerical constraints for Pleistocene depopropagation of errors through filtering of the data.
its and described the Quaternary unlithified gedFhe reader is referred to Baltsavias (1999), and
logic units, three of which are exposed in our studwehr and Lohr (1999) for details of lidar theory.
area (Fig. 3). They typically consist of till, outwash, The lidar data used in this study were provided
and glaciomarine deposits. Mapping of surficiaby the Puget Sound Lidar Consortium (PSLC
materials in our study area was completed at tt#902) and Puget Sound Regional Council. The
1:100000-scale (Pessdt al. 1989). Recently, original contract for the lidar surveys was for re-
Haugerudet al. (2003) and Kovanen (2003) usedsearchers and other agencies to uncover topograph
lidar data to help visualize the topography of the are expressions of fault traces for seismic hazard
ea. Other work has explored various properties sfudies in the Seattle and surrounding Puget Low-
the mantle through modelling tilting of paleo-land area (Haugeruet al. 2003). The contracted
shorelines (Jamex al. 2002). measurement density was 1 pulsétm 10 000—
The local tectonic component in the uplift of this80 000 laser pulses/s. The resulting topography has
area may have caused local disturbances in surficiatesolution of 2—1 m, with a vertical accuracy on
deposits. Active tectonic structures are known ake order of 15 cm. These data were transformed
the Devils Mountain, Strawberry Point, Utsaladynto 6x 6 ft (or 1.8x 1.8 m) grids and then used to
Point and southern Whidbey fault zones and repreenstruct a Triangulated Irregular Network (TIN)
sents boundaries between major crustal blocksr visualization with a few modifications to the
(e.g. Johnsoet al. 1996, 2002). Individual defor- original data points (PSLC 2002). The data were
mation zones are up © 2 km wide when they supplied in quarter-township tiles (4:84.8 km)
cross northern Whidbey Island (Fig. 2) and otheand then we merged them for seamless representa
possible segment boundaries may be presetion of the topography. We have not fully assessed
Southern Whidbey Island may have experienced 2ke accuracy of the lidar data, although it appears
1 m of abrupt uplift associated with an earthquakihat the supplied data set contained some spurious
betweenc. 3200-2800 cal yepr (Kelsey et al. elevation values which were generally associated
2004). Hence, significant differences may exiswith the extension of structures into water bodies
across these zones. Our height information mand minor discontinuities associated with some
help discriminate the vertical deformation, espeswathe edges.
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Fig. 4. Comparison of topographic :
details between shaded digital .
topographic models and topo-' "~
graphic map of the same area. The
area is northeast of Oak Harbor,?-#fF-‘
Whidbey Island, on a portion of the " .+
Crescent Harbor 7.5-minute quad-=
rangle (US Geological Survey). (a) /?—, e
Image generated from lidar data. .~
(b) Image derived from 1:24000- © * i
scale contour map with 10-m reso-— -~
lution. (c) Topographic map. Con- &7
tour interval is 20; bathymetry is2 ~ '
fathoms. 108 B
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Fig. 5. Shaded digital topographic model of the Penn Cove area showing the major geomorphic features. 1 — paleochamregl; 2 — in
ice-flow direction; 3 — position of ice lobe during deglaciation; 4 — relict shorelines; 5 — raised delta surfaces; Rige-Pairiti Refe
to Fig. 2 for location.

The lidar data have the following properties: Cogmean value of several measurements) taken from
ordinate system — State plane, Washington Northe lidar data to estimate the marine limit. Ideally,
zone (or HARN datum); vertical datum — Northsea level indicators should be assigned to specific
American Vertical Datum of 1988 (NAVD88); hor- water planes independent of their present altitude
izontal datum — North American Datum of 198%ecause of the uncertainty in the depth of the over-
(NADS83), 1991 adjustment; spheroid — GRS1980ying water column at the time of deposition. In our
Figure 4 shows a comparison between the topogrease, we do not view this as a serious issue for the
phy represented by digital terrain modelling and #ollowing reasons: (i) deglaciation was rapid due to
1:24 000-scale topographic map. the development of calving embayments in the

southern Puget Sound and Strait of Georgia; (ii) sea
) level rise was sufficiently slow that the marine limit
Indicators of sea level is defined by a single horizontal plane; (iii) our
Sea level indicators in this area include, terracelseight information comes from closely spaced data
notches (erosional), beaches, deltas, bars, sppsijnts; and (iv) the vertical accuracy mentioned
depositional sequences, isolation basins (deposibove is more precise than our efforts to tie features
tional), marine shell deposits (biological), ando benchmark locations through static survey and
channels that terminate at sea level. In this study v&PS levelling techniques. Therefore, the vertical
utilize the highest local altitude of these featuresrrors associated with our estimates (£ 2 m) are de-
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Fig. 6. (a) Photograph of an expo- &
sure showing southwestward-dip- S5
ping deltaic deposits in north wall ==
of a gravel pit north of Oak Harbor.
Orientation of exposure is N280
dip is up to 18. Five other gravel
pits in the area display similar fea-
tures. (b) Photograph of an expo-
sure showing large clast of stony
mud (outlined by white dashed
line) in south wall of a gravel pit
north of Oak Harbor.

pendent on several factors including the height/am- low d
plitude of the sea level indicator, and our measuréee flow data o _
ments of these features based on the lidar data. We have inferred the direction of ice movement

The Everson glaciomarine and marine sedfrom the orientation of drumlins and lineations. A
ments include (1) fossil-bearing, stony silt, sandength/width ratio ranging from 3 to >10 can be
matrix-supported, diamicton containing, till-like found in this region. Fabric measurements in the
mixtures, and (2) marine clay, deltaic sand angtony mud have not been conducted at this stage of
gravel, fluvial clay, silt, and gravel that were rapidlghe inquiry.
deposited in a marine environment (Armstrong and
Brown 1954; Easterbrook 1963, 1968; DomacE{ . .

1983, 1984). Dethiezt al. (1995) provided a gen- Radiocarbon age estimates

eralized description of these sediments arldadiocarbon ages from the glaciomarine deposits
grouped them into several overlapping zones thégfine the lower age limit of marine inundation
extend from beneath ice to tens of kilometers froifiroughout the area. These include old scintillation
the ice margin. These include ice-proximal, transPates and new atomic mass spectrometer (AMS)
tional, distal, marine and estuarine, and emergengates. The radiocarbon ages were converted to si-
facies which were used to guide their interpretglereal time (2-sigma age range) using the calibra-
tions of Everson-age glaciomarine deposits.  tion program CALIB REV 4.4, which applies the

Geografiska Annaler - 86 A (2004) 4 391
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Fig. 7. (a) Shaded digital topograph-
ic model showing raised shoreline
sequences northwest of Oak Har-
bor, Whidbey Island. Image is
shown at an oblique viewing angle
toward the east to better visualize
the raised shorelines. Lower image
is the map view of the same area.
Note the difference between the top-
ographic expression of the roads
and the raised shorelines. (b) Shad-
ed digital topographic model show-
ing relic shorelines around Living-
ston Bay, Camano Island. Image is
shown at an oblique viewing angle
toward the northeast to better visu-
alize the raised shorelines. Scale
varies on images with oblique view-
ing angle. Contour interval onimag-
es in map view is 10 m.
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Livingston Bay

~0.5 km

Fig. 7 Continued
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USELESS
Bay

Fig. 8. (a) Shaded digital topographic model of southern Whidbey Island from lidar data showing channels graded to déxgher sea
(b) Topographic context of channelsainLight areas are topographically high; refer to Fig. 2 for location.

1998 international calibration datasets (Stuiver aridland (Easterbrook 1968, 1969; Domack 1983,
Reimer 1993; Stuiveet al. 1998). Marine shell 1984; Carlstad 1992). Elsewhere (northern Whid-
ages were corrected using a total marine reservbiey Island) deltaic sequences grade upward into a
value of =800 + 25 years (Robinson and Thompsanuddy diamicton (Fig. 6). Generally, the diamic-
1981). ton is texturally highly variable and there are no
consistent lateral facies associations. The capping
diamicton often contains large blocks of remobi-

Results from Whidbey and Camano Islands  Jized diamicton (till?), and therefore were probably
Altitude of sea level indicators associated with  pyilt or deposited directly against receding ice
deglaciation (synglacial). These deposits are consistent with

The lidar images reveal evidence of sea level indihose mapped by Domack (1983) as ice-marginal
cators scattered between present day sea level ugédiment flow, proximal meltwater fan, and tur-

€.90 m (Fig. 2). An example of a large progradindpidite channel. The radiocarbon dates mentioned
delta is shown in Fig. 5 and records thaximum above come from this diamicton and show no sys-
altitude of the marine limit. The surface of the deltéematic geographic trends, so we cannot say if the
shows distributary channels and appears unaffecteltas are older farther to the south (diachronic).

ed by wave action, suggesting that uplift at thattime Raised marine shoreline sequences were pre-
was greater than eustatic sea level rise. A well deerved best in low-sloping paleo-inlets and record
fined tidewater ice margin also exists along ththe minimumaltitude of the marine limit. Some of

south and west sides of Penn Cove and suggestsse shorelines are cut into the stony mud drape
that marginal retreat during deglaciation was in thend form subtle wave-cut terraces. Others lap onto
form of a receding local ice lobe that covered @he muddy diamicton, consist of a thin sandy, grav-
least the central and northern portions of Whidbegl lag and may be up to 2 m high. Representative

394 Geografiska Annaler - 86 A (2004) 4
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Fig. 9. North-south profiles of features associated with the marine limit. (a) Maximum altitude of the marine limit aloBg0P2°1
from near Everett to the international boundary (adapted from Detlaiet 995; their Fig. 7). Data are from within 20 km of the transect.
Dashed lines represent the intersection of bedrock structures. (b) Profiles of features associated with the marine lithéyoadVhi
Camano islands. Data are from Fig. 2 projected onto roughly a N10° W transect. All data points are within 10 km of th&l&nsect
postglacial uplift surface trend is derived from linear regression analysis and notation is afteebaltimows show sense of relative
movement of Quaternary faults. Dashed lines indicate departures from the local regression line that may or may not benétbsociate
vertical displacement along the complex fault zones. The southern Whidbey Island fault zone intersects the N-Strandipteat an ob
angle. (c) Profile of features associated with glacial lakes Russell, Hood, Bretz and the marine limit (after ThorsonFi§88).his
Some data points are projected from the eastern Puget Sound area. Refer to Fig. 1 for the location of transects.
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shoreline sequences are shown in Fig. 7. The shosexface is then 0.80 m ki(error,+ 0.09 at 95%
lines have not yet been directly dated, but musbnfidence interval; R= 0.83). The variable alti-
postdate the muddy diamicton and are youngéude of the local uplift surface slope could be
than the southwest-northeast ice flow indicators araused if uplift was restrained by diminishing ice
northern Whidbey Island (discussed below). We dihickness, movement along the fault zones, and/or
not know if the emergence episodes have been greferential preservation of the sea level indicators.
complished through intermittent uplift (coseis-Dethieret al.(1995) found that the Devils Moun-
mic?) or rapid emergence, and/or a combination ¢din fault zone coincides with a 10-m inflection
these processes. On steeper coastlines the sea lpaaht on his plot of the maximum altitude of the ma-
indicator consists predominantly of the recognitiomine limit and this is reproduced in our estimates.
of depositional sequences sometimes associat€de data points however are too widely spaced to
with ice marginal deltas and the overlying glaciprovide valid constraints for the movement of these
omarine sediments and channels graded to thleeal structures. The lower uplift slope (0.25 nTkm
height of the sea level plane (see Dethlieml. 1) for north-central Whidbey may be the result of
1995). sea level lowering during ice retreat or could rep-
In some areas on the upland of southern Whidesent the locus of crustal depression near the mar-
bey Island small channels dissect the linear elgin of the ice sheet. The uplift slope for southern
ments and drumlins (Fig. 8). The channels an@/hidbey (including two data points from Camano
graded to the altitude of the local sea level. We elsland) from features that represent minimum esti-
vision that the formation of the upland channelmates is also lower than the regional slope. This
was limited by discharge from nearby ice duringnay be the case if these features developed during
deglaciation and by falling relative sea level at that short delay in uplift. The uplift slope (0.77 mkm
time because no other source of water exists on tHecalculated from the raised deltas more closely
island. Many more features (notches, small deltas}presents the regional trend as these features rep
are presentin the area; the location of those showasent the maximum marine limit and formed syn-
in Fig. 2 and plotted on Fig. 9 are the best exanglacially during ice retreat. Because the data, sites
ples. Small lakes are observed in depressions almalve not been corrected for tectonic uplift rates and
may be relicts of either small marine inlets strandwere projected to a transect inferred to represent a
ed by postglacial sea level lowering or dead iceminimum estimate of the marine limit, this may ex-
(kettle). plain some of the apparent variability seen in Fig.
9. Dethieret al. (1995; Fig. 9a) calculated an aver-
age uplift gradient at about 0.6 m ®ysteepening
Surface trend of sea level indicators from lidar |ocally to >1.3 m km. The average is about 1.0 m
data km~L. Thorson (1989) calculated an average uplift
The plots on Fig. 9 show the altitude of the maringradient of 0.85 m kmt(Lake Russell) and 1.15 m
limit on roughly a N-S transect from the southerkm~ (western Lake Bretz) for relict proglacial lake
Puget Sound to the international boundary. Theshorelines to the south.
represent relative sea level values since aboutGlobal post-glacial sea level curves are charac-
16 967 cal yBp which is a maximum age estimateterized by two brief periods of sea level accelera-
Our data points were projected onto a transect (HBon (i.e. meltwater pulse, MWP) superimposed
B’; Fig. 1) which bisects the study area and is geon a continuous rise of sea level. These two melt-
erally parallel to the direction of ice flow during thewater pulses, MWP-1Ac(20 m,c.16 000-12 500
advance of the former Puget Lobe. The profiles @il yrsp) and MWP-1B ¢. 25 m,c. 11 500-9 000
Dethieret al. (1995; Fig. 9a) and Thorson (1989;cal yrep) are thought to correspond to massive in-
Fig. 9c) are shown for completeness and compapults to freshwater derived from melting continen-
son. tal ice (e.g. Fairbanks 1989; Baed al. 1990;
Data from Whidbey and Camano islands indiLambecket al. 2002). In this area, the timing of
cate a minimum postglacial uplift surface slopethe sea level changes is constrained between abou
with an increase to the north at about 0.76 m*km15 960-12 364 cal yap and therefore overlaps the
using all the available data points (Fig. 2). Locallyage range for MWP-1A. Along with other consid-
the slope varies from 0.25 m khto 0.77 m km'.  erations, such a¥C plateaus in the calibration
Excluding two data points from Camano Island bezurve, make construction of isostatic uplift rates
cause they are exceedingly low, the regional uplifiroblematical. Nevertheless, Dethétral.(1995)
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calculated rebound rates of >0.1 to 0.05 ™ a and is therefore somewhat younger in age. The
which seemed to indicate that emergence ochange inice flow direction has been noted by other
curred before about 11 306C yr Bp. We note, researchers (Thorson 1980; Dethier 2000), but not
however, that his shell ages were not corrected us-this extent. Thorson attribute this to retreat of the
ing a marine reservoir correction and therefore thiee front in the Strait of Juan de Fuca that preceded
crustal rebound rates may be overestimated. Oniegreat of ice in the Puget Sound, inducing a local
the radiocarbon ages have been corrected, the aghange in the flow direction. Much of the surficial
seem to roughly agree within the observational ematerial in this area has been mapped as a blanket
rors. Clearly, only with accurate and precise dabf glaciomarine sediments (Easterbrook 1963;
ing of these and other features associated with tResslet al. 1989). Based on these observations,
marine limit, along with precise altitude control,clearly the deposition processes are much more
can we improve our understanding of the rebourtbmplicated, likely involving glaciomarine and
rates, and the spatial and temporal pattern of sesrine processes, combined with remolding of
level change in this area. sediments at the ice/bed interface and meltout
along the ice margin which at times may have been
either floating (i.e. tidewater margin) or pinned on
Direction of ice flow the topography_
For all of Camano Island and most of Whidbey Is- The significance of this divergent ice flow direc-
land, a single north-south flow pattern is indicatetion is probably linked to the mode of deglaciation.
by the orientation of bedforms (drumlins and flutesThe main questions that arise are (i) does the
lineations; Figs. 2, 10). However, on northerthange in ice flow direction represent two distinct
Whidbey Island a NE-SW orientation of flow is in-ice flow events and/or a change in flow configura-
dicated by superimposition of lineated topographyion as the ice sheet thinned during deglaciation
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(e.g. Thorson 1980); and (ii) what are the glacicstrained. Correlating sea level indicators from
isostatic effects? These questions involve asped¢hidbey Island with those on the mainland to the
of the rates of melting of the land-based ice, and tmerth (e.g. Siegfried 1978; Easterbrook 1992) or on
ice volumes and thickness when the ice becanvancouver Island (Jame= al. 2002) is difficult
buoyant. During deglaciation once the ice hadithout detailed radiocarbon control, but this
thinned to a critical level (or sea level rose to a levelpens future prospects of constructing more de-
where ice floated), the formation of large floatindgailed regional sea level curves. A comparison of
ice shelves between the Juan de Fuca Strait amgr height information is generally consistent with
grounded ice on Whidbey Island resulted. Théhe maximum marine limit of Dethiet al.(1995).
breakup or collapse of a large portion of the (floaBecause much of our data provide minimum esti-
ing) ice is supported by the many radiocarbon datesates, some northern Whidbey Island data fall up
(141) that define the narrow time range of glacito 20 m below the inferred marine limit. Altitude
omarine deposition in the region (e.g. Easterbroakifferences probably reflect the fact that we have
1992, 2003). The distribution of dates seems to itaken the highest recognizable shoreline and/or
dicate that deposition of the glaciomarine depositielta to represent the local marine limit; the Dethier
was fairly contemporaneous and very rapid oveat al.limit is extrapolate from sites to the east on the
the study region and persisted until about 11 5Q@ainland.
14C yrep. Following what may be inferred as a col-
lapse of at least the marine based portion of the .
Puget Lobe, new pinning points were likely estapconclusions
lished in land-based areas. Several basal peat dalég main contribution of this paper is the recog-
from abandoned meltwater channel0 km to nition of raised postglacial sea level indicators
the northeast (the direction of ice retreat) arffom high-resolution lidar on Whidbey and Ca-
11413+ 75 and 11080 + 10¥C yrep (Kovanen mano islands. Our ability to incorporate the lidar
2002; Kovanen and Easterbrook 2002b) indicatingata in our studies improves the visibility of subtle
that ice retreat was very rapid. features, enhances our interpretations of earth sur-
face processes at different time scales and becaus
) ) of this may provide alternatives to evaluate. The
Discussion regional tilt of the postglacial uplift surface of
High-resolution lidar data and digital terrain mod0.80 m knt?, with local variability from 0.25 m
elling reveal new information on changes in seem™to 0.77 m km'. The range in variability
level and ice flow direction in the northern Pugeprobably reflects development of features during
Lowland. The altitude/amplitude of the high-restrained postglacial uplift, tectonic deforma-
stands appear to vary with latitude due to (i) diftion, and preferential preservation/location of fea-
ferences of the ice load during deglaciation; (iijjures in sheltered areas. The range of values re-
the process of isostatic uplift; (iii) differing rheo-ported here are slightly lower than those reported
logical characteristics; and (iv) possibly tectonidor estimates from proglacial lake shorelines
activity. Ages on uplifted shoreline sequences an@horson 1989) south of our study area, and con-
deltas are not well constrained. In fact, no datesstent with those for estimates from glaciomarine
have been reported on any of the shoreline sand marine sediments (Dethigral. 1995), adja-
guences or deltas shown here. Therefore it is diéent to and north of our study area.
ficult to examine the relative contributions of glo-
bal (eustatic), regional (glacio-isostatic) and local
(tectonics and sedimentary) processes with regafg¢knowledgements
to the rebound rate. We thank the Puget Sound Lidar Consortium (es-
These high-resolution images generated froecially J. Harless and D. Martinez) for providing
lidar data combined with detailed field observathe lidar data and kind assistance. Eric Leinberger
tions offer an opportunity to eventually constructs also thanked for drafting Figs 1 and 9. Comments
detailed sea level curves that reflect componentsfodm S. Porter, D. Easterbrook, D. Dethier, R. Heb-
eustatic, isostatic, and tectonic processes, all d& on an early draft of this paper are appreciated.
which operate on different spatial and temporalwo anonymous referees provided constructive
scales. The degree of variability in the timing of theriticisms, which helped to improve and clarify the
maximum postglacial marine limit is not well con-manuscript.
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